Borrelia burgdorferi contains abundant circular and linear plasmids, but the mechanism of replication of these extrachromosomal elements is unknown. A B. burgdorferi 9 kb circular plasmid (cp9) was amplified in its entirety by the polymerase chain reaction and used to construct a shuttle vector that replicates in Escherichia coli and B. burgdorferi. A 3.3 kb region of cp9 containing three open reading frames was used to construct a smaller shuttle vector, designated pBSV2. This vector was stably maintained in B. burgdorferi, indicating that all elements necessary for autonomous replication are probably located on this 3.3 kb fragment. A noninfectious B. burgdorferi strain was efficiently transformed by pBSV2. Additionally, infectious B. burgdorferi was also successfully transformed by pBSV2, indicating that infectious strains of this important human pathogen can now be genetically manipulated.
Introduction
Lyme disease, the leading arthropod-borne disorder of humans in the United States, is caused by the spirochaete Borrelia burgdorferi. The bacterium is maintained in an enzootic cycle between tick vectors and wild mammalian hosts. Ticks infected with B. burgdorferi may feed on humans, transmitting the pathogen in the process. Surprisingly, the completion of the B. burgdorferi genome sequence revealed few recognizable virulence or hostspecific factors (Fraser et al., 1997; Casjens et al., 2000) . However, there is growing evidence that the plasmids of B. burgdorferi carry genes thought to be critical for survival in or transmission to the tick or mammalian host. These proteins include the outer surface proteins (Osp) A and C (Howe et al., 1986; Marconi et al., 1993; Sadziene et al., 1993) , decorin-binding protein (Dbp) A (Guo et al., 1995; Cassatt et al., 1998) , the vmp-like sequence locus (VlsE) (Zhang et al., 1997) , proteins for guanine nucleotide synthesis (Margolis et al., 1994) , nutrient uptake proteins such as oligopeptide permease (Bono et al., 1998) , glucose transporters (Fraser et al., 1997) and others Hagman et al., 1998) .
B. burgdorferi plasmids may be essential for infectivity, serve as sources for recombinogenic variation and provide a mechanism for horizontal gene transfer. The loss of some plasmids, such as cp9, during in vitro growth has little effect on infectivity, but the loss of others correlates with loss of infectivity (Schwan et al., 1988; Simpson et al., 1990; Norris et al., 1995; Xu et al., 1996) . The telomeric repeats of several B. burgdorferi linear plasmids and the linear chromosome are highly similar (Casjens et al., 2000) , possibly acting as sources of homology for recombination, reminiscent of antigenic variation in lower eukaryotes (Donelson, 1995; HernandezRivas et al., 1997) . Recently, Eggers and Samuels (1999) reported that some members of the ubiquitous family of 32 kb circular plasmids (cp32) are prophage genomes, suggesting a potential method of horizontal gene transfer among Borrelia. Reflecting the essential nature of plasmids to B. burgdorferi, Barbour (1993) proposed that the extrachromosomal elements be referred to as minichromosomes.
Despite the significance of B. burgdorferi plasmids to its life cycle, relatively little is known about the mechanisms of plasmid replication and partitioning. Several theoretical models have predicted plasmid origins of replication in B. burgdorferi (Dunn et al., 1994; Zu È ckert and Meyer, 1996; Stevenson et al., 1998; Casjens et al., 2000; Picardeau et al., 2000) , but little experimental data have been reported.
A major limitation in the analysis of plasmid maintenance has been a lack of tools available for genetic manipulation of B. burgdorferi. To address these issues, we constructed an Escherichia coli±B. burgdorferi shuttle vector, designated pBSV2. This shuttle vector uses a 3.3 kb fragment from B. burgdorferi cp9 and contains three open reading frames (ORFs) predicted to encode plasmid maintenance functions (Zu È ckert and Meyer, 1996; Stevenson et al., 1998; Casjens et al., 2000) . Significantly, pBSV2 transforms both non-infectious and infectious B. burgdorferi strains. Overall, pBSV2 should make it possible to identify the specific mechanism of plasmid replication in Borrelia and to manipulate infectious B. burgdorferi genetically.
Results

Construction of shuttle vectors
Cp9 from B. burgdorferi strain N40 (cp9-N40) was amplified in its entirety by the polymerase chain reaction (PCR) and cloned into pCR-XL-TOPO (Figs 1 and 2 ). cp9 was subcloned into SuperCosI. However, we were not able to subclone cp9 into either pBluescript-II SK± (highcopy plasmid) or pOK12 (low-copy plasmid) (Vieira and Messing, 1991) . Although previous reports suggested that cp9 could not be cloned as a single contiguous insert in E. coli (Simpson et al., 1990; Dunn et al., 1994) , our results indicate that the ability to clone cp9 appears to be vector dependent.
As pCR-XL-TOPO provided a stable cloning vector for cp9, all subsequent manipulations used this vector as a backbone. The entire cp9 molecule was used to construct pBSV1. The smaller pBSV2 was derived from a 3.3 kb fragment of cp9 encoding ORFs 1, 2 and 3 (Figs 1 and 2 ).
Sequence analysis of cp9-N40
The sequences of two related plasmids from other Borrelia strains, B. burgdorferi B31 MI and B. burgdorferi strain IP21, were reported previously (Dunn et al., 1994; Fraser et al., 1997) . cp9-N40 was sequenced (GenBank Fig. 1 . Construction of B. burgdorferi shuttle vectors. The C±D amplification product contains ORFs 1±3 and corresponds to coordinates 9026±2879 of the B. burgdorferi sequence (http://www.tigr.org/tdb/CMR/gbb/ htmls/SplashPage.html). The E±F amplification product contains the ColE1 ori and zeocin resistance marker. Primer sequences are given in Table 3 . MCS, lacZ alpha-peptide and multiple cloning site of pUC18. accession no. AF292711), and its length was found to be 8720 bp. As Fig. 3 shows, cp9-N40 was more similar (91.7%) to B31 cp9 (cp9-B31). Interestingly, cp9-N40 retains the majority of a BBC08 homologue but appears to have incurred a deletion removing the 3 H end. The BBC08 gene is a hypothetical ORF and has not been characterized. The adjacent ORF in cp9-B31, rev, is also missing in cp9-N40. The function of Rev is unknown, but Rev is antigenic in mice and rabbits (Gilmore and Mbow, 1998; Skare et al., 1999) . The absence of rev on cp9-N40 is in agreement with the results of previous researchers (Porcella et al., 1996; Gilmore and Mbow, 1998) . All other genes located on cp9-N40 are present and in the same orientation as those of cp9-B31 (Fig. 3) .
The nucleotide sequence of cp9-N40 is less similar to cp8.3 (80.5%) present in B. burgdorferi strain IP21 (cp8.3-IP21) (Dunn et al., 1994) (Fig. 3) . IP21 ORFs 7 and 8 are tandemly oriented, separated by only 14 nucleotides and each shares a high degree of similarity with the corresponding portions of ORF 7/8 (cp9-N40) and BBC12 (cp9-B31). This may result from a mutation separating the ancestral gene into two distinct ORFs in cp8.3-IP21.
Analysis of B. burgdorferi transformants
The ability of the shuttle vectors to replicate autonomously was examined by electroporating 10±20 mg of plasmid DNA into B. burgdorferi and selecting for kanamycin resistance. Transformants were confirmed by PCR amplification of the kanamycin resistance cassette . The transformation frequency in high-passage B31-A was 3.7 Â 10 28 for the 14 kb pBSV1, but was < 200-fold higher, 1.8 Â 10 26 , for the smaller 6 kb pBSV2 (Table 1 ). The transformation frequency of the infectious strain N40 was 2.7 Â 10 28 for pBSV2, whereas no N40 transformants were recovered after electroporation with pBSV1 (Table 1) . Transformation using the E. coli vector lacking cp9-N40 sequences, pOZK ( Fig. 1 ), did not result in any transformants (Table 1) . B. burgdorferi strain B31-A does not contain cp9; however, the N40 strain does. As pBSV2 contains a 3.3 kb fragment derived from cp9-N40, pBSV2 may integrate into cp9-N40 by recombination with homologous sequences. Alternatively, as cp9 is not essential for in vitro ColE1, E. coli origin of replication; zeo, zeocin resistance marker; P flg kan, flgB promoter fused to kanamycin resistance gene . Table 1 . Transformation frequencies and efficiencies of B. burgdorferi strains.
B31-A (non-infectious)
N40 ( growth, pBSV2 might displace cp9-N40. Agarose gel electrophoresis and Southern blot analysis of total genomic DNA from transformants ( Fig. 4) indicate that cp9-N40 was displaced and pBSV2 replicates autonomously in both B31-A and N40. Analysis of total genomic DNA from four transformants by agarose gel electrophoresis revealed a unique band of the size expected for pBSV2 in all transformants (Fig. 4A ). Southern blot analysis using a probe specific for the kanamycin resistance gene confirmed the band to be pBSV2 and existing extrachromosomally (Fig. 4B ). Rehybridizing the blot with a probe specific for cp9-N40, but not present in the shuttle vector, confirmed that intact cp9-N40 was present in the parental N40 strain, but not in the transformants (data not shown). Recovery of the shuttle vectors could be achieved by transforming E. coli with as little as 100 pg of total genomic DNA from a B. burgdorferi transformant (data not shown). Restriction digests of recovered plasmids were identical to those of the original shuttle vectors.
Stability of shuttle vectors
To determine the stability of the shuttle vectors, randomly chosen pBSV1 and pBSV2 transformants of B31-A were serially passaged with and without kanamycin selection. After 25 generations for pBSV2 and 50 generations for pBSV1, cultures were plated and colonies examined for the presence of the shuttle vectors by PCR screening for the kanamycin resistance cassette. All colonies derived from the pBSV2 transformant retained the shuttle vector, regardless of whether antibiotic selection was imposed. Fig. 3 . Linear representation of the genomic organization and sequence similarities of cp9-related plasmids from N40, IP21 (Dunn et al., 1994) and B31 (Fraser et al., 1997) . All nucleotide sequence similarities are relative to N40. Overall plasmid similarities follow strain names and were calculated with the Jotun Hein algorithm using DNASTAR software. Nucleotide similarities of plasmid elements are shown above each ORF and were calculated using the Wilbur±Lipman alignment algorithm from DNASTAR software. Black arrows represent unique ORFs. Grey arrows indicate ORFs with homologues in at least one other cp9-like plasmid. White triangles indicate inverted repeats. *A 311 bp sequence that has 92% nucleotide similarity to BBC08 is present in N40 but appears to have incurred a deletion removing the 3 H end. Eighty per cent of colonies derived from the pBSV1 transformant and grown without selection for 50 generations retained the larger pBSV1.
Minimal elements required for autonomous replication
To define the minimal plasmid elements sufficient to confer autonomous replication in B. burgdorferi, a series of deletion derivatives of pBSV2 were created. Derivatives lacking one or more B. burgdorferi elements were transformed into the high-passage B31-A strain (Table 2 ). Whereas all three Borrelia genes encoding ORFs 1, 2 and 3 were required to confer autonomous replication, the inverted repeats were not necessary.
Discussion
The plasmid complement of B. burgdorferi is presumed to be essential to its infectious cycle, yet relatively little is known concerning the mechanisms of plasmid replication and partitioning. Picardeau et al. (1999) localized the chromosomal origin of replication through nascent strand analysis, but similar evidence is lacking for plasmid origins. Dunn et al. (1994) proposed that cp8.3 from B. burgdorferi strain Ip21 replicates by a rolling circle mechanism, based on limited amino acid similarity of one hypothetical protein to RepC of Clostridium butyricum. In contrast, CG skew analysis was used to predict that cp26 of B. burgdorferi replicates via a bidirectional, u-type mechanism (Picardeau et al., 2000) . Both proposals were based solely on theoretical models and lacked experimental evidence identifying regions conferring autonomous replication. We focused on the endogenous B. burgdorferi plasmid cp9 to identify elements necessary for autonomy and, consequently, to develop an E. coli± B. burgdorferi shuttle vector. Although previous reports suggested that cp9 could not be cloned in its entirety (Simpson et al., 1990; Dunn et al., 1994) , our results indicate that cloning of cp9-N40 appears to be vector dependent. Why cp9-N40 is recoverable in some vectors but not in others is unclear. Both pCR-XL-TOPO and pBluescript contain the same origin of replication and are of a similar size and copy number. However, cp9-N40 is stable in the former but not in the latter. It is possible that the high AT content of Borrelia DNA or the large inverted repeats present on cp9 may affect cloning efficiency. It is also possible that the cp9-related plasmids from IP21 (Dunn et al., 1994) and SH-2-82 (Simpson et al., 1990 ) may contain unique elements contributing to the difficulty of their cloning.
Although pBSV1 was stable and replicated autonomously in both E. coli and B. burgdorferi, it lacked convenient restriction sites for further genetic manipulation and was transformed into B. burgdorferi at a low frequency (Table 1) . To identify experimentally essential plasmid elements and to increase its utility as a shuttle vector, a 3.3 kb region containing ORFs 1, 2 and 3 was PCR amplified and used to construct pBSV2 (Figs 1 and  2) . The transformation frequency of pBSV2 improved dramatically over that of pBSV1 by a factor of < 200 (Table 1 ). The improved transformation frequency was most probably due to the smaller size of pBSV2 (6.4 kb) relative to pBSV1 (14 kb). Additionally, pBSV2 is extremely stable, with 100% of the cells retaining the plasmid after 25 generations without selection.
ORFs 1, 2 and 3 are members of large paralogous gene families and are the most likely candidates for replication and partitioning functions based on their ubiquity among B. burgdorferi plasmids (Dunn et al., 1994; Zu È ckert and Meyer, 1996; Casjens et al., 2000) . However, ORFs 1±3 lack similarity to replication and partitioning genes from known organisms. Also contained within this 3.3 kb fragment are < 180 bp inverted repeats flanking the three ORFs. Deletion experiments demonstrated that all three genes are required for autonomous replication (Table 2) . Genes encoding ORFs 1 and 2 are separated by only 9 bases, suggesting that they may be co-transcribed and possibly represent partition genes in B. burgdorferi. Homologues of these genes in other B. burgdorferi plasmids are similarly arranged and spaced (from 0 to 25 bases apart). If orf1 and orf2 encode partition functions, orf3 would probably encode a replication protein. This represents the first experimental evidence of a role for these ORFs (and their corresponding gene families) in plasmid replication. The ability of pBSV2 to replicate within B. burgdorferi indicates that all elements necessary for autonomous replication are located on the 3.3 kb fragment of cp9-N40. However, the possibility that cp9-N40 uses elements in trans from other plasmids, such as the cp32s, cannot be ruled out. cp9 is a deletion derivative of a cp32 Zu È ckert and Meyer, 1996; Casjens et al., 1997) .
The function of the inverted repeats is unknown, but similar sequences are present in other plasmids and in other B. burgdorferi strains (Zu È ckert and Meyer, 1996; Carlyon et al., 1998) and are conserved among the three cp9-like plasmids sequenced (Fig. 3) . Despite their high degree of conservation, the inverted repeats are not necessary for plasmid autonomy (Table 2) , but presumably have some other biological function that retains their sequence integrity. For unknown reasons, low-passage, infectious strains of B. burgdorferi are more refractory to genetic manipulation than high-passage, non-infectious strains . However, pBSV2 successfully transformed the infectious strain N40 (Table 1 ). The lower transformation efficiency of pBSV2 in N40 could conceivably be attributed to the incompatibility of the shuttle vector with the resident cp9. Genomic DNA from four N40 transformants was examined by agarose gel electrophoresis and, in all cases, the shuttle vector had displaced cp9-N40 and had not integrated ( Fig. 4A; data not shown) . This result is consistent with the incompatibility of the common replication sequences between pBSV2 and cp9-N40.
Recently, Sartakova et al. (2000) reported that pGK12, a broad-host-range plasmid, could function as a B. burgdorferi±E. coli shuttle vector. However, pGK12 is less stable than pBSV2, with 75% of colonies retaining the plasmid after 20 generations in B. burgdorferi, perhaps because of its heterologous origin of replication. This plasmid derives its origin from the Gram-positive organism Lactococcus lactis, but its mode of replication in B. burgdorferi remains uncertain.
In contrast to pGK12, pBSV2 uses endogenous sequences to replicate within B. burgdorferi. Further characterization of pBSV2 should aid in determining the mechanism of circular plasmid replication in B. burgdorferi. Importantly, this represents the first reported transformation of infectious Borrelia and may prove useful in identifying virulence or host-specific factors.
Experimental procedures
B. burgdorferi strains and growth conditions B. burgdorferi strains were grown in liquid BSK-H Complete (Sigma) at 358C or in solid BSK medium incubated at 348C under 1% CO 2 . B31 was originally isolated from a tick collected on Shelter Island, NY (Burgdorfer et al., 1982) . The genomic sequence of B. burgdorferi B31 culture MI has been determined (Fraser et al., 1997; Casjens et al., 2000) . B31 clone A (B31-A) is a culture-attenuated, noninfectious derivative of B31. B. burgdorferi N40 is a clonal, infectious strain isolated from a tick in Westchester County, NY (Barthold et al., 1993; .
Construction of shuttle vectors
The strategy for the construction of the shuttle vectors is depicted in Fig. 1 . Oligonucleotide primers used in this study are presented in Table 3 . PCR amplification of cp9 from strain N40 and all subsequent amplifications used the Expand Long Template PCR system (Roche Molecular Biochemicals). Vectors pBluescript-II SK± and SuperCosI were obtained from Stratagene, and pCR-XL-TOPO was purchased from Invitrogen. E. coli strain TOP10 (Invitrogen) was used to prepare all plasmids.
DNA sequencing and analysis
Nucleotide sequences were determined with the ABI Big Dye Terminator cycle sequencing ready reaction kit (PE Applied Biosystems) using an ABI377 DNA sequencer. Nucleotide sequences were analysed and contiguous sequences assembled with MACVECTOR and ASSEMBLYLIGN software (Oxford Molecular). Double-stranded sequence was obtained throughout cp9-N40 by primer walking.
Transformation of B. burgdorferi
Transformation of B. burgdorferi strains by electroporation was conducted as described previously (Samuels, 1995) . Briefly, 10±20 mg of plasmid DNA was resuspended in 5 ml of H 2 O and electroporated into B. burgdorferi. After electroporation, the bacteria were immediately resuspended in 5 ml of liquid BSK-H Complete and incubated overnight at 358C. Bacterial cultures were plated on solid BSK with 200 mg ml 21 kanamycin 18±24 h after electroporation.
Analysis of B. burgdorferi transformants B. burgdorferi colonies grown on selective media were stabbed with a sterile toothpick and inoculated into 20 ml PCR reactions to amplify the kanamycin resistance cassette using primers E and G (Table 3) . Reaction conditions were 948C for 1 min, followed by 30 cycles of 948C for 30 s, 558C for 45 s and 688C for 3 min in a GeneAmp 9600 DNA thermal cycler (Perkin-Elmer). PCR products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining. Positive colonies were isolated by aspiration with sterile Pasteur pipettes and inoculated into 5 ml of liquid BSK-H Complete containing 200 mg ml 21 kanamycin.
Southern hybridization analysis
Total genomic DNA from B. burgdorferi was isolated from 20 ml cultures with the Qiagen Genomic-tip 20/G kit with the Genomic DNA buffer set (Qiagen). Genomic DNA was separated on a 0.4% agarose gel, depurinated, denatured and neutralized, then transferred to a Biotrans nylon membrane (ICN) according to the method of Sambrook et al. (1989) . DNA was cross-linked to the membrane by the UV Stratalinker 1800 (Stratagene). The DNA probe (kanamycin resistance cassette) was amplified with oligonucleotides G and H (Table 3 ) using the PCR DIG Probe synthesis kit (Roche Molecular Biochemicals) according to the manufacturer's recommendations. Prehybridization/hybridization buffer was 5 Â SSC, 0.5% blocking reagent (Roche Molecular Biochemicals), 0.5% (w/v) N-laurylsarcosine sodium salt and 0.1% (w/v) SDS. The membrane was prehybridized for 4 h and hybridized overnight, both at 658C. Washes consisted of two 5 min incubations at room temperature in 2 Â SSC20.1% SDS, followed by two additional incubations at 658C for 15 min in 0.1% SSC20.1% SDS. The membrane was washed briefly in buffer 1 (100 mM Tris, pH 7.5, 150 mM NaCl), then incubated in buffer 2 (buffer 1 1 0.5% blocking reagent) for 30 min at room temperature. The hybridized probe was detected by incubation with anti-digoxigenin-AP Fab fragments (Roche Molecular Biochemicals) at a 1:20 000 dilution for 30 min, washed twice in buffer 1 for 15 min each and incubated with CDP-Star (Roche Molecular Biochemicals) at a 1:100 dilution according to the manufacturer's recommendations.
Stability of shuttle vectors
Randomly chosen B31-A transformants were grown in the presence or absence of 200 mg ml 21 kanamycin. The transformants were cultured in 5 ml of liquid BSK at 348C. Cultures were inoculated to a starting concentration of < 4 Â 10 5 spirochaetes ml 21 and grown to 10 8 spirochaetes ml 21 (about 4 days). Cells were counted by darkfield microscopy with a Petroff±Hauser counting chamber before each passage. After four serial passages for pBSV2 (<25 generations) and eight serial passages for pBSV1 (<50 generations), cultures were plated, and 20 colonies from each were screened by PCR for the presence of the kanamycin resistance cassette.
Determining the minimal elements required for autonomous replication
Deletion derivatives of pBSV2 were made using the Exo mung bean deletion kit (Stratagene) or were created by PCR-amplifying specific genes with upstream regions and subcloning into pOZK (Fig. 1) . Plasmids were then transformed into B. burgdorferi, and kanamycin-resistant colonies that arose, if any, were PCR screened for the presence of the shuttle vector (as described above). The gene encoding ORF 2 was not tested individually as it is only nine nucleotides from the end of orf1 and is most probably cotranscribed. However, orf2 was tested in combination with either orf1 or together with orf1 and orf3 (Table 2) .
